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Received 7 August 2006; received in revised form 20 November 2006; accepted 20 November 2006AbstractWe investigated lethal and sublethal predation effects of the benthivorous gudgeon (Gobio gobio) on the grazing
mayﬂy Rhithrogena semicolorata and the shredding amphipod Gammarus pulex over 21 months in a largely detritus-
based small stream. We hypothesised that shredders are generally less vulnerable to ﬁsh predation and therefore less
likely to be predation-controlled than grazers, because the latter are visible to the predators during their feeding on
stone surfaces, while shredders may hide between leaves during foraging.
The hypothesis was tested in two 400m experimental reaches of a natural stream, which were manipulated in order
to contain and to lack ﬁsh, respectively. Biomass of G. pulex was signiﬁcantly reduced in the ﬁsh section while that of
R. semicolorata was not. Since approximately 91% of the annual production of G. pulex but only 12% of
R. semicolorata production was consumed by gudgeon, the observed biomass difference of G. pulex is likely due to a
lethal predation effect. However, no sublethal predation effects such as reduced concentration of storage components
(triglycerides, glycogen) or reduced reproductive success were observed for both species. Lower mean body length of
the R. semicolorata larvae in the ﬁsh section did not result in a lower number of eggs in the abdomen of the last instar
larvae. Hence, in contrast to our initial hypothesis, in the studied stream the shredder was top-down-controlled, while
the grazer was not. It is concluded that top-down control depends on the ecological characteristics of a speciﬁc
predator–prey pair rather than on trophic guild of the prey.
r 2006 Elsevier GmbH. All rights reserved.
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Various experiments have been conducted in order to
investigate the importance of predator–prey interactions
in stream food webs, which resulted in different ﬁndings.e front matter r 2006 Elsevier GmbH. All rights reserved.
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n).Some studies showed strong and cascading top-down
effects of ﬁsh predation (Kishi, Murakami, Nakano, &
Maekawa, 2005; Rosenfeld, 2000; Wooster & Sih, 1995),
while others found no such interactions (Caudill &
Peckarsky, 2003; Culp, 1986; Reice, 1991). One of the
possible factors responsible for this variability may
consist in differing vulnerability of the invertebrate prey,
depending on their functional feeding group. Predation
effects in detritus-based food chains are expected to be
lower since invertebrate shredders are considered to be
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Table 1. Biomass of gudgeon in the ﬁsh reach, and total
remaining ﬁsh biomass in the reference reach
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This assumption originates from mesocosm experiments
with artiﬁcial substrates and the observation that
grazing invertebrates moving on the stone surface to
scrap periphyton are more visible to predators than
shredders which hide and feed between leaves or in
interstitial spaces. In fact, most ﬁeld experiments
investigating predator impact on stream food webs
dealt with grazers (mostly mayﬂies) and their impact on
periphyton biomass. Trophic cascades were shown
regularly in mesocosm experiments (Bechara & Moreau,
1992; Dahl, 1998; Diehl et al., 2000; Kishi et al., 2005;
Power, 1990) and in large-scale approaches (Huryn,
1998; McIntosh, Peckarsky, & Taylor, 2004). In
contrast, only few ﬁeld studies dealt with shredders
abundances and their effect on leaf litter processing.
Evidence for trophic cascades could only recently be
provided in mesocosm experiments (Greig & McIntosh,
2006; Konishi, Nakano, & Iwata, 2001; Ruetz, New-
mann, & Vondracek, 2002). Different strength of ﬁsh
predation in detritus-based and primary production-
based food chains comes to be important for the
understanding of stream food webs. Thus, we hypothe-
sised in our study that invertebrate grazers are more
vulnerable to lethal and sublethal effects of ﬁsh
predation than invertebrate shredders. This hypothesis
was tested by comparing the population dynamics and
physiological parameters of the grazer Rhithrogena
semicolorata (Ephemeroptera: Heptageniidae) and the
shredder Gammarus pulex (Crustacea: Amphipoda),
which are two common and abundant representatives
of their functional feeding groups in Central European
streams.
In order to estimate lethal effects, we monitored the
biomass and production of the two prey organisms and
their consumption by the ﬁsh predator. To detect
sublethal effects on the physiological level, we estimated
the status of biochemical compounds serving to the
storage of energy (glycogen and triglycerides), and the
reproductive success of the two prey species. Hereby, we
assumed that predator avoidance behaviour would lead
to a decrease in food intake or an increase of energy
consumption, which should be detectable as a decrease in
the energy storage components (Winkelmann & Koop,
2006). This effect should be observed much earlier than
changes in population abundance caused by the combi-
nation of lethal and sublethal predation effects.11.06.04 4.2 2.9 0.2
08.07.04 2.8
05.08.04 0.5 3.6 0.7
17.08.04 17.2
01.09.04 10.3
Values in the rows ‘‘biomass’’ refer to the individuals caught during
electroﬁshing. All caught ﬁshes were released in the ﬁsh reach but were
removed from the reference reach. Values in the row ‘‘stocking’’ are
additional stocked ﬁsh to stabilise ﬁsh biomass.Methods
Experimental design
We conducted a ﬁeld experiment in a detritus-based
second-order stream which was experimentally divided.The effects of a benthivorous ﬁsh (Gobio gobio) on
shredding and grazing macroinvertebrates were mea-
sured by comparing an upper ﬁshless reference reach
with a lower ﬁsh-stocked experimental stretch over a
period of 21 months from January 2003.
The experimental stream was divided into three
consecutive sections (400, 200, and 400m long) by
creating ﬁsh barriers made of high-grade steel mesh
(5mm mesh size). The lowest section was used as the
experimental reach, the middle one as a buffer reach,
and the uppermost section as the ﬁsh-free reference
reach. All sections at ﬁrst were made ﬁsh-free by two
electroﬁshing campaigns (EFGI 650, Bretschneider
Spezialelektronik, Germany) before the lower two
sections were stocked with gudgeon in March 2003.
During the following 2 years, ﬁsh abundance in all
reaches was regularly controlled by electroﬁshing and
kept on a similar level by restocking with gudgeon
(Table 1). Losses were mainly due to predation by grey
herons, winter mortality, sampling, and occasional
emigration during ﬂoods. Fish biomass in the experi-
mental reach was 3.5 gm2 in 2003 and 3.8 gm2 in 2004
(temporally weighted average, linear interpolation) and
only for three short periods exceeded 10 gm2 immedi-
ately after stocking. To ensure that it did not receive ﬁsh
odours (kairomones), the whole section upstream of the
reference reach suitable for ﬁsh (ca. 0.5 km) was also
made ﬁsh-free in March 2003 and electroﬁshed ﬁve
times during the following 2 years. The remaining
mean ﬁsh biomass in the reference reach (0.08 gm2)
was much lower than the experimentally enhanced
biomass in the ﬁsh reach. Invertebrates were preven-
ted from drifting from the reference site directly into
the experimental stretch by the 200m buffer reach.
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direct drift travel because drift distances are known to
be relatively short (Elliott, 2002).
Field sampling for physiological analysis was con-
ducted bi-weekly, and weekly in April and May 2004.
On each sampling occasion 30–40 individuals of
R. semicolorata and G. pulex, respectively, were col-
lected and transported immediately to the laboratory in
a cool box at 4 1C. For measuring abundances and
biomasses every 28 days 3 Surber samples (0.1m2,
500 mm meshes) were taken in a randomly chosen rifﬂe
within the experimental and the reference stretch.
Afterwards, 3 randomly chosen stones of an undis-
turbed area of the sampled rifﬂe were collected for
estimates of algal biomass.Study site
The ﬁeld experiment was carried out in a small
second-order mountain stream (Gauernitzbach, length
4.6 km), which joins the River Elbe approximately 15 km
downstream of the city of Dresden (Saxony, Germany).
The catchment area is dominated by agriculture. In the
lower section, where the study was conducted, the
stream ﬂows through a deciduous woodland valley
(mainly alder, maple and oak trees) and receives
considerable amounts of terrestrial detritus. In the
sampling reaches the stream has a mean width of
1.2m and a mean discharge of 40.3740.6 L s1
(mean7SD, n ¼ 46). Water temperature ranges between
0 and 18 1C, with highest values measured in August
2003. Other environmental factors did not show strong
seasonal trends (mean7SD 2003–2004: pH 8.370.22,
n ¼ 40; electrical conductivity 913752 mS cm1, n ¼ 46;
oxygen saturation 98713%, n ¼ 41).Laboratory analysis
Benthos samples were rinsed over a 500 mm sieve and
stored in 80% ethanol. Later, all animals were sorted
under a dissecting microscope, identiﬁed to the lowest
possible taxonomic level, counted and measured to the
nearest 0.1mm. Biomass was calculated as dry mass
using length–weight relationships (Meyer, 1989). To
estimate reproductive success egg numbers were deter-
mined in the last instar larvae of R. semicolorata
(detectable by dark wing pads) sampled on two
occasions in May shortly before emergence from both
reaches. For this, all eggs were removed from the
abdomen. A homogeneous suspension was obtained by
applicating short ultrasonic pulses. After ﬁltering this
suspension at least 3/8 of the eggs were counted under a
dissecting microscope. To measure food supply for
G. pulex the coarse organic matter of the benthos
samples (45mm, without large sticks) was dried atroom temperature for 48 h and then weighed. The food
supply for R. semicolorata was measured as the ash-free
dry mass (AFDM) of bioﬁlm (Hauer & Lamberti, 1996).
Physiological analyses for concentrations of storage fat
(triacylglycerides) and glycogen were performed as
described for R. semicolorata in Winkelmann and Koop
(2006). The daily food ration of gudgeon was estimated
during one 24 h ﬁsh sampling in April 2004 from the
relative foregut contents of 10 ﬁsh every 4 h (mg g1
body weight) and a laboratory-obtained evacuation rate
following the method of Elliott and Persson (1978). The
percentage of R. semicolorata and G. pulex in the ﬁsh
diet was estimated for 7 sampling dates during 2004 by
means of foregut contents analysis. Guts were removed
and frozen immediately after sampling. Biomasses of
prey organisms were obtained by measuring the length
of the whole body and head capsules and calculating dry
mass using own and published length–weight relation-
ships (Meyer, 1989).Data analysis
Differences of biomass and energy storage compo-
nents between the reaches were tested using a paired
t-test for the means on each sampling date. Biomass data
were log-transformed to achieve normal distribution.
Since no normal distribution could be obtained for food
pools, differences between the reaches were compared
using a paired Mann–Whitney U-test. To compare the
predator effect between the two guilds, predation impact
index (PI) was calculated following Rosenfeld (2000) as
the natural logarithm of the ratio of prey densities in the
ﬁsh reach to prey densities in the reference reach
(PI ¼ NP/NC). For this purpose only those taxa were
selected which showed clear food preference (classed into
the respective guild with more than 50%, Schmedtje &
Colling, 1996) and comprised an important biomass
proportion of the guild in question (41% of guild
biomass). The sublethal predation and bottom-up
responses were tested with a paired t-test for every
sampling date and the resulting p-values were corrected
for repeated testing (Bonferroni-correction).
The annual production of R. semicolorata and
G. pulex was estimated using a model approach to
obtain temperature and size-speciﬁc growth rates and
the monthly monitored benthic biomasses (Morin &
Dumont, 1994). The average error factor of the
production estimations used here is given by Morin
and Dumont (1994) for different efforts of biomass
sampling and the number of summed components. R.
semicolorata almost exclusively colonised rifﬂe habitats
(biomass pool/rifﬂe 0.0370.001, mean7standard error,
n ¼ 8). The proportion of rifﬂes to pool areas varied
over the 2-year study period due to several ﬂoods but
estimated over the time made up about half of the
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the biomasses and size distribution of the rifﬂe habitats
was divided by two for comparison with annual
consumption. Biomass of G. pulex tended to be higher
in the pool habitats but showed high seasonal variability
(pool/rifﬂe 4.872.2, mean7standard error, n ¼ 11).
Therefore the calculated annual production was not
corrected. However, it is probably underestimated.
Consumption of G. pulex and R. semicolorata by
gudgeon (Ci, mg dry massm






where Cd,i is the daily ration of gudgeon for the prey
item i in g g1 d1 (Elliott & Persson, 1978), B the
average ﬁsh biomass in 2004 in gm2, Pk,i the
proportion of i in the ﬁsh diet during time segment k,
tk the length of the time segment k (days) and k the
number of time segments.
The daily ration of gudgeon was calculated as dry
mass proportion by using wet weight–dry weight
correlations obtained from the experimental stream.
The percentage of R. semicolorata and G. pulex in the
ﬁsh diet was applied to the time segment between the
half-distance to the preceding and the following
sampling date or, for the ﬁrst and last date, including
the ﬁrst and last day of the year, respectively. TheFig. 1. Biomass of shredders (a), grazers (b), the shredder Gammaru
ﬁsh and reference reach of the Gauernitzbach 2003 and 2004 (means
reach: black symbols.temperature dependence of food consumption was taken
into account by correcting daily ration (as estimated at
12 1C) for every month with an assumed Q10 of 2.3
(Rankin & Jensen, 1993) which we consider as a
reasonable value for gudgeon. The coefﬁcient of
variation (CV) of mean annual consumption contains
the CV of mean annual ﬁsh biomass and the CV of the
mean daily food ration. The latter was estimated using a
bootstrap approach (Venables & Ripley, 2003). Electiv-
ity index D was calculated according to Jacobs (1974)
from the foregut contents and benthic biomasses:
D ¼ r p
rþ p 2rp , (2)
where r is the fraction of food item in the diet and p the
fraction of food item in the environment.Results
Lethal predation effects
Mean biomass of all shredders was signiﬁcantly
higher in the reference reach than in the ﬁsh reach
(paired t-test, p ¼ 0.026, n ¼ 23, Fig. 1a). G. pulex was
the most common shredder in this stream and showed
also a higher biomass in the reference stretch (paired
t-test, p ¼ 0.046, n ¼ 23, Fig. 1c). In contrast, mean
biomass of all grazers was signiﬁcantly lower in thes pulex (c), and the grazer Rhithrogena semicolorata (d) in the
and standard error, n ¼ 3). Reference reach: open symbols, ﬁsh
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p ¼ 0.004, n ¼ 23, Fig. 1b). R. semicolorata was the
most important grazer in the studied system and the
biomass of R. semicolorata differed between the reaches
like total grazer biomass did (paired t-test, po0.002,
n ¼ 23, Fig. 1d).
Predation rate by benthivorous gudgeon differed for
the studied species, as revealed by gut content analyses
of gudgeon. G. pulex was always found in the gudgeon
guts. Its proportion in total gut content ranged between
2.4% in May 2004 and 29.3% in August 2004 (2004:
18.1711.0%, mean7standard error, n ¼ 7). R. semi-
colorata occurred in the guts only in April and May
2003, when larvae were relatively large (14.6% and
12.7%, respectively). The annual mean, therefore, was
much lower than for G. pulex (2.975.9%, mean7Fig. 2. Mean annual biomass production of Rhithrogena
semicolorata and Gammarus pulex in the ﬁsh and reference
reach (bars indicate error estimation as in Morin & Dumont,
1994) and the annual prey consumption of gudgeon (7varia-
tion coefﬁcient) in the ﬁsh stretch in 2004. Reference reach:
open bars, ﬁsh reach: black bars.
Fig. 3. Mean predation impact index (PI) over the observation
period (7standard error, n ¼ 23) for the most common grazer
and shredder species in the Gauernitzbach. Grazers: black bars
and shredders: open bars.standard error, n ¼ 7). The mean electivity index of
gudgeon (Jacobs, 1974) was 0.1 for G. pulex and 0.95
for R. semicolorata (max. 0.08 in spring) showing
almost opportunistic feeding on G. pulex but negative
selection of R. semicolorata larvae.
Gudgeon consumed a distinct proportion of annual
production of G. pulex (91%), but only a much smaller
part of the annual production of R. semicolorata (12%,
Fig. 2; percentages calculated from invertebrate produc-
tion measured in the ﬁsh section).
The PI revealed no dependence of the intensity of
predation on the preferred foraging strategy of the
invertebrates (Fig. 3), since PI was positive for some
shredder species, but not for others.
Sublethal predation effects
Triglyceride and glycogen concentrations of G. pulex
showed no consistent differences between the ﬁsh and
reference reaches (paired t-test, triglycerides: p ¼ 0.72,
n ¼ 33, glycogen: p ¼ 0.74, n ¼ 41, Fig. 4a and b). Food
supply measured as CPOM was similar in both reaches,
too (p ¼ 0.73, n ¼ 19, paired Mann–Whitney U-test,Fig. 4. The concentration of the energy storage components
glycogen and triglycerides (mean7standard error, n43) in the
tissue of Gammarus pulex, and the dry mass of leaf litter on the
sediment surface (mean7standard error, n ¼ 3) in 2003 and
2004 in the ﬁsh and reference stretch. Reference reach: open
symbols, and ﬁsh reach: black symbols.
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Fig. 6. Mean body length (7standard error, n46) of
Rhithrogena semicolorata larvae in the reference reach (open
symbols) and the ﬁsh reach (black symbols). The arrows
indicate the start of the emergence period.
C. Winkelmann et al. / Limnologica 37 (2007) 121–128126Fig. 4c). Individual growth was not synchronised in
G. pulex. Therefore, it was not possible to compare size
at maturity between the two reaches. To estimate
reproductive success, the abundances of juvenile G.
pulex (individuals o3mm body length) were compared,
but there was no difference between the two reaches
(paired t-test, p ¼ 0.61, n ¼ 23).
Also the concentration of the two energy storage
components triglycerides and glycogen of R. semicolor-
ata larvae did not show any differences between the ﬁsh
and the reference stretch (paired t-test, triglycerides:
p ¼ 0.47, n ¼ 29; glycogen: p ¼ 0.47, n ¼ 29, Fig. 5a
and b). Food supply measured as AFDM of bioﬁlm did
not differ between the two stretches (p ¼ 0.39, n ¼ 33,
paired Mann–Whitney U-test, Fig. 5c). As larval
development was highly synchronic in the case of
R. semicolorata, body growth and size at maturity were
compared between the stretches. The mean body length
at each sampling date was signiﬁcantly higher in the
reference than in the ﬁsh section (paired t-test, p ¼ 0.02,
n ¼ 16, Fig. 6). However, the individual egg number of
the last instar larvae did not differ between the stretchesFig. 5. The concentration of the energy storage components
glycogen and triglycerides (mean7standard error, n43) in the
tissue of Rhithrogena semicolorata, and the ash free dry mass of
bioﬁlm (mean7standard error, n ¼ 3) in 2003 and 2004 in the
ﬁsh and reference stretch. The arrows indicate the start of the
emergence period. Reference reach: open symbols, ﬁsh reach:
black symbols.(Welch test, p ¼ 0.21, reference: 14247356, n ¼ 14, ﬁsh:
15297420, n ¼ 20, mean7standard deviation).Discussion
The hypothesis that detritus-based food chains are
less likely to be top down-controlled (based on
Rosenfeld, 2000) could not be supported. We found
that shredders inhabiting leaf litter such as G. pulex are
not necessarily less affected by ﬁsh predation than
mayﬂy grazers foraging on stone surfaces. On the
contrary, predation pressure on grazing R. semicolorata
was not detectable, while gudgeon affected G. pulex
biomass. Additionally, prey vulnerability seemed to be
independent of the functional feeding group. In spite of
the relatively intensive predation of gudgeon on
G. pulex, the shredder Nemoura sp. showed no predation
effect at all (Fig. 3). Further, no trophic cascade could
be observed in the stream since no differences in the
amount of algae or organic matter were detectable
between the reference and the ﬁsh reaches.
From our initial hypotheses, only the lethal effects of
ﬁsh on shredders were supported, as observed in
G. pulex. Gudgeon used a relatively large proportion
of the annual production of G. pulex (o90%) and
therefore probably accounts for the lower mean biomass
of G. pulex observed in the ﬁsh reach compared to the
reference reach.
For R. semicolorata, on the other hand, no predation
effect was detectable in this experiment. Biomass was
even higher in the ﬁsh reach. The relatively low
proportion of annual production that was consumed
by gudgeon supports this result. There are two possible
explanations for the low consumption of R. semicolorata
which could occur simultaneously: (1) low predator–
prey encounter rates because of low habitat overlap, or
(2) efﬁcient predator avoidance strategies of R. semi-
colorata such as synchronised larval development,
timing of feeding activity or reduced visibility to the
predator.
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the hypothesis that speciﬁc feeding guilds have a
different risk to be top-down controlled by benthivorous
ﬁsh as assumed by Rosenfeld (2000). Based on our
results, it is more likely that vulnerability of the prey is
speciﬁc for every predator–prey pair. Predator impact
should depend on factors determining the feeding rate of
the predator such as habitat overlap and encounter rate.
Those species suffering high mortality per unit produc-
tion by having a high rate of encounter with predators
and/or lacking effective avoidance strategies are likely to
be predation controlled. This seems to be the case for
the pair G. pulex–gudgeon, since both species live in
pool habitats (Ero¨s, Botta-Dukat, & Grossman, 2003;
own observations) and large prey individuals are
available through all seasons. For R. semicolorata on
the other hand, habitat overlap is much smaller because
it prefers rifﬂe habitats. Further, large individuals are
available only during April and May since individual
growth is highly synchronised. Thus, in general,
detritus-based food chains are not a priori less likely
to be top-down controlled since the biomass of common
and important detritivores as amphipods can be
signiﬁcantly inﬂuenced by predation (Dahl, 1998;
Konishi et al., 2001; McIntosh, Greig, McMurtrie,
Nystro¨m, & Winterbourn, 2005; this study).
Besides the lethal effects of predation, we hypothe-
sised a predator-induced reduction of the energy
storages in the prey organisms due to reduced activity
and increased use of refuges (McIntosh & Townsend,
1996; Power, 1992) in the presence of predators. This
effect may lead to lower food intake. A lower energy
amount available for growth and reproduction should
reduce size at maturity and fecundity through an energy
allocation trade-off. This should be detectable at least in
R. semicolorata, because of the synchronic larval
development and the well-deﬁned point of maturity
(emergence). However, no reduction of energy storages
could be shown as the unchanged contents of triglycer-
ide and glycogen in the two species revealed for both the
reference and the ﬁsh reach. Nevertheless, individuals of
R. semicolorata reached a higher mean body length in
the reference section especially prior to emergence.
Demographic models suggest that sublethal predation
effects can have an even larger impact on population
dynamics than predator consumption for species in
which body size at maturity inﬂuences fecundity, as in
mayﬂies (McPeek & Peckarsky, 1998). A general
relationship between female body size and fecundity is
assumed (Bonduriansky & Brooks, 1999; Hone˘k, 1993).
Further, reduced size at emergence in the presence of
ﬁsh has been shown for mayﬂies both in small-scale
experiments (Dahl & Peckarsky, 2003; Peckarsky,
Taylor, McIntosh, McPeek, & Lytle, 2001) and whole
system approaches (Peckarsky, McIntosh, Taylor, &
Dahl, 2002). Thus, a demographic effect such as reducedabundances in the second generation seems to be likely.
However, the reduced body length of R. semicolorata
larvae in the ﬁsh reach did not translate into a lower
individual egg numbers, as frequently assumed in former
studies (Dahl & Peckarsky, 2003; Peckarsky et al., 2002,
2001). We conclude that reduced size at maturity of
mayﬂies does not always mean reduced reproduction
success and therefore cannot generally be interpreted as
a sublethal predation effect.
One may criticise that two experimental conditions of
our approach could have constrained the response of the
prey organisms to predation and/or the detection of this
response: (1) a too low ﬁsh density, and (2) the lacking
replication. Average gudgeon biomass in our experi-
mental reach (3.5–3.8 g wet weight m2) and even
maximum biomass immediately after restocking (17 g
wet weight m2) were lower than in most enclosure
experiments with other benthivorous ﬁsh species (Dahl,
1998: 44 g wet weight m2; Rosenfeld, 2000: 4–19 g wet
weight m2). Although there are no data available on
natural densities of gudgeon, the experimental densities
chosen in the presented study (mean 0.5, maximum 1.4
ﬁsh m2) were well within the range observed for other
benthivorous ﬁsh (Fairchild & Holomuzki, 2005: 0.3–1
sculpin m2). Thus, regarding or argument (1) we
conclude that the ﬁsh biomass in this study was closer
to natural densities than to enclosure studies cited
above. With respect to argument (2) it is obvious that
this study was not replicated on the reach scale.
However, we decided that work on a larger spatial and
temporal scale was a more important task than
replication, when approaching the question of possible
top-down control of benthic communities.
The overall conclusion can be drawn that detritus-
based food chains can be controlled by ﬁsh predation
equally strong as primary production-based food chains.
The intensity of the predation effects on single prey
species is likely to depend on the species-speciﬁc ﬁsh
predation rate rather than on a particular feeding mode
of the prey.References
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